The generation of hydrogen gas from the surface of solidified shell of carbon steel was confirmed by the experiments of both collecting gas from shell surface using the sintered chill plate made of stainless steel and measuring temperature in the copper chill plate at initial stage of solidification. The hydrogen gas existed in collected gas and the amount of hydrogen gas increased with increasing hydrogen content in molten steel. The temperature in chill plate became high because the ratio of hydrogen gas of which thermal conductivity was large existed in the gap between shell and chill plate and the heat transfer from shell to chill plate became large when the hydrogen content in molten steel was high. When the hydrogen gas generated from shell surface blocks flow of mold flux into the gap, the possibility of sticker breakout in continuous casting would increase.
Introduction
Sticker breakouts occur below meniscus in continuous casting mold [1] [2] [3] [4] [5] and it is empirically understood that the possibility of sticker breakout has increased sensitively when the hydrogen content in molten steel is high under high speed continuous casting conditions. To suppress the sticker breakouts, it is necessary to evaluate the critical value of hydrogen content in molten steel and to clarify the cause of sticking between solidified shell and mold.
The relationship between frequency of sticker breakouts and hydrogen content in molten steel, carbon concentration was examined. 6) When the hydrogen content in molten steel exceeded about 7.5ϫ10 Ϫ4 mass%, the frequency of sticker breakouts rose.
There was a report to be thought that the frequency of sticker breakouts depended at season. 7) At the season when humidity was high, the water content in refractory and flux became higher 8) and the amount of hydrogen absorbed in molten steel through refractory or flux increased. When molten steel was tapped under atmosphere with high humidity, hydrogen was absorbed in molten steel. 9) As the solubility of hydrogen in the molten steel is high and that of hydrogen in the steel after solidification is low, 10 ) the hydrogen gas is generated during solidification. Though the hydrogen gas would be generated at either the surface of solidified shell or the liquid and solid interface, or entrapped in the solidified shell during solidification, it is unclear where the hydrogen gas is generated. Therefore, the behavior of hydrogen gas during solidification has been studied by many researchers. 9, 11, 12) The pinholes were formed in the continuous cast steel slabs when the hydrogen content in molten steel was high and the entrapment of pinholes to solidified shell suppressed by the optimum flow velocity of molten steel were near liquid and solid interface. 13) When the mold flux reacted with the hydrogen gas which floated from meniscus the viscosity of flux was increased with decreasing the crystallization temperature of flux and lubricity between solidified shell and mold was decreased. 14) The hydrogen gas generated during solidification has been thought to be either entrapped in solidified shell as pinholes or floated from meniscus as gas bubbles into molten flux. However, it seems that there has been no report which examined the generation of hydrogen gas from the surface of solidified shell.
In this study, to clarify the generation of hydrogen gas from the surface of solidified shell, the experiments for both the collecting of gas from shell surface and the measuring temperature in chill plate at initial stage of solidification.
Experimental Procedures

Addition of Hydrogen in Molten Steel
It is necessary to increase the hydrogen content in molten steel to do the experiments which clarify the generation of hydrogen gas from solidified shell surface. To increase the hydrogen in molten steel which melted with high frequency induction furnace under constant temperature of 1 873 K, the synthetic calcium hydrate which were wrapped with aluminum foil were immersed in molten steel using the in situ measurement system of hydrogen content in molten steel. Figure 1 shows the relationship between hydrogen content and weight of synthetic calcium hydrate which was added to 180 kg molten steel. The hydrogen content increases with increasing the weight of synthetic calcium hydrate. It has been found that the maximum solubility of hydrogen in molten steel depended on the content of oxygen, alloying elements in molten steel and partial pressure of water vapor in atmosphere over molten steel. 10) As the composition of molten steel is Fe-0.11mass%C-0.1mass%Si-0.5mass%Mn, the oxygen content is 2.0ϫ10 Ϫ3 mass% and partial pressure of water vapor is about 3.0ϫ10 2 Pa, it is estimated that the maximum solubility of hydrogen in molten steel is about 1.6ϫ10 Ϫ3 mass% in this study. The hydrogen content reaches a maximum solubility because the calculated value is close to the measurement value.
Collection of Hydrogen Gas from Shell Surface
To clarify the possibility of generation of hydrogen gas from solidified shell surface, the experiment was done to collect the gas between solidified shell and chill plate through the chill plate at the initial stage of solidification. Figure 2 shows the experimental apparatus to collect the gas between shell and chill plate. The experimental apparatus was constructed with the chill plate which was made of sintered stainless steel of 5.0ϫ10
Ϫ2 m in diameter and 1.0ϫ10 Ϫ2 m in thickness, the vessel was made of pyrex glass of 1.0ϫ10 Ϫ5 m 3 in volume for collecting gas and the elevator of chill plate and vessel.
The chill plate was dipped in 5.0ϫ10 Ϫ3 m from molten steel surface after removing synthetic calcium hydrate floated on molten steel and turning off the power of high frequency induction furnace. After dipping for 2 s, the valve connected with glass vessel which filled with nitrogen gas at initial pressure 9.1ϫ10 4 Pa was opened for 10 s and closed and then the chill plate was raised. The sintered plate was made of spherical particles of 18Cr-8Ni stainless steel. As the pore size of plate was 1.0ϫ10
Ϫ5 m in diameter and the porosity was about 40 %, the penetration of molten steel into the pore of chill plate was prevented.
As the pressure in glass vessel was less than atmospheric pressure after collecting gas, the glass vessel was filled with nitrogen gas and the pressure in glass vessel was made the atmospheric pressure. The collected gas in glass vessel was analyzed using the gas chromatography, both type and content of gas was identified and volume of hydrogen gas was calculated under the room temperature and the atmospheric pressure conditions. The chill plate was sealed with stainless steel cover which surrounds the plate excluding the contact side of chill plate to prevent mixing the gas with atmosphere when the chill plate touched with molten steel. The cooling rate of molten steel after turning off the power supply of high frequency induction furnace was 1.7ϫ10 Ϫ1 K s Ϫ1 at the most, it was assumed that the temperature of molten steel was constant while the chill plate contacted with molten steel.
Heat Transfer from Shell to Chill Plate
To study the behavior of heat transfer from solidified shell to chill plate with the generation of hydrogen gas from shell surface, the temperature was measured in chill plate at the initial stage of solidification. The experimental apparatus was constructed with the square chill plate made of copper of 1.0ϫ10 Ϫ1 m in one length and 3.0ϫ10 Ϫ2 m in thickness, and the elevator as shown in Fig. 3 . The temperature was measured with three K-type thermocouples of 0.5ϫ10 Ϫ3 m in diameter which were set at 5.0ϫ10 Ϫ3 m from surface of copper plate to the center at interval of 1.5ϫ10 Ϫ2 m. After removing synthetic calcium hydrate floating on molten steel and turning off the power supply, the copper plate was dipped in 5.0ϫ10
Ϫ3 m from molten steel surface for 5 s and the temperature was measured. Figure 4 shows the relationship between volume of hydrogen gas generated from the surface of solidified shell, volume of bubbles in solidified shell and hydrogen content in molten steel. As the hydrogen gas was present in the collected gas within the glass vessel, it was confirmed that the hydrogen gas was generated from the surface of solidified shell. The volume of hydrogen gas generated from shell surface increases with increasing the hydrogen content in molten steel. The carbon monoxide gas was observed in gas with hydrogen gas. When the hydrogen content was 3.0ϫ10 Ϫ6 mass%, the gas in glass vessel was composed of 12 vol% hydrogen gas and 8 vol% carbon monoxide gas besides nitrogen gas with was filled after experiment.
Results
Generation of Hydrogen Gas from Shell Surface
In previous reports, [11] [12] [13] the hydrogen gas which is generated during solidification becomes bubbles and is caught in solidified shell. Then, the total volume of gas bubbles in the shell was predicted by measured value of density of solidified shell at room temperature under the assumption that all bubbles were filled with hydrogen gas. The higher the hydrogen content in molten steel is the larger the total volume of hydrogen gas in bubbles is. As the volume of bubble is less than a thousandth compared with volume of hydrogen gas generated from shell surface, the generation of hydrogen gas is thought to be governed by the gas from shell surface. Therefore, the analysis in Sec. 4.1 was only dealt with in the generation of hydrogen gas from solidified shell surface. Figure 5 shows the change of temperature in chill plate with time as a function of hydrogen content in molten steel. The temperature in chill plate rises just after contact with molten steel surface. The temperature in chill plate varies from 380 to 420 K for the hydrogen content range from 3.0ϫ10 Ϫ4 to 6.0ϫ10 Ϫ4 mass% in molten steel and the temperature varies from 410 to 470 K for the content from 1.2ϫ10
Temperature Change in Chill Plate
Ϫ3 to 1.4ϫ10 Ϫ3 mass% after contacting with molten steel surface for 5 s. The higher the hydrogen content is the higher the temperature in chill plate is.
Discussion
Prediction of Hydrogen Gas Generation from
Shell Surface When the pressure of gas caused by generation of hydrogen becomes larger than that of mold flux in the gap between solidified shell and mold, it is thought that the mold flux prevents flow into the gap and the lubricity between them becomes lower. As the partial pressure of hydrogen gas generated from shell surface is hard to be measured directly, this value is made prediction using Eqs. (1)-(3) . The validity of predicted value of partial pressure was confirmed by comparing the measured volume of hydrogen gas with the calculated volume because the volume was obtained together with the partial pressure. The volume of generated gas during solidification is large because the solubility of hydrogen in solidified shell is smaller than that of molten steel. Moreover, the diffusion of hydrogen in solid phase is thought to be determined by the tunnel effect [15] [16] [17] [18] based on the quantum theory and the diffusion coefficient of hydrogen is large. Assuming the diffusion coefficient of hydrogen in solidified shell to be the same as the value in molten steel, the calculated amount of hydrogen generated from shell surface was smaller than the measured amount of hydrogen. Therefore, the diffusion control limit in boundary layer at liquid and solid interface is only considered and the concentration of hydrogen in solidified shell is assumed to be constant in this analysis.
Both the volume of hydrogen gas generated from shell and the partial pressure between shell and mold were predicted using the analysis which coupled one-dimensional solidification with diffusion in solidified shell as shown in Fig. 6 , schematically. where, V(t) is volume of hydrogen gas generated from shell as a function of time (m 3 ), 9) d is thickness of diffusion layer (ϭ2.0ϫ10 Ϫ5 m), 9) R is gas constant, M is molecular weight of hydrogen gas, k 0 is partition coefficient of hydrogen (ϭ0.31), 9) r is density of molten steel (ϭ7.02 kg m Ϫ3 ), 20) T shell is surface temperature of shell (K), T mold is surface temperature of mold (K), P(t) is pressure of hydrogen gas as a function of time, V vessel is volume of glass vessel (ϭ1.0ϫ10 Ϫ3 m 3 ), T vessel is temperature of glass vessel (ϭ303 K) and Dt is time step (s). The overall heat transfer coefficient h was used by the value which was calculated by the following thermal analysis in Sec. 4.2. Figure 7 shows the calculated results for volume of hydrogen gas generated from shell surface. The volume of hydrogen gas increases linearly with increasing hydrogen content in molten steel. The calculated volume of hydrogen gas is in agreement with the measured value collected in glass vessel and the validity of this analysis is confirmed.
The partial pressure of hydrogen gas which is generated from solidified shell seems to change with time because the temperature of shell falls according to the shell growth. Figure 8 shows the relationship between partial pressure of hydrogen gas and time varying with hydrogen content in molten steel. The partial pressure of hydrogen gas increases with time and reaches the maximum value and decreases even if the concentration of hydrogen in molten steel is different. The higher the concentration of hydrogen in molten steel is the higher the partial pressure of hydrogen gas which is generated from shell surface is.
As the maximum partial pressure of hydrogen gas determines the volume of gas generated from shell surface, it is necessary to evaluate the maximum partial pressure. Figure  9 shows the relationship between maximum partial pressure of hydrogen gas which is calculated by Eq. (3) and hydrogen content in molten steel. The maximum pressure of hydrogen gas increases with increasing hydrogen content in molten steel. When the bubbles of hydrogen gas which generated from shell surface are retained in the gap between shell and mold, the bubbles block the flow of mold flux into the gap and the sticking between shell and mold would Relationship between volume of hydrogen gas generated from shell surface and hydrogen content in molten steel.
Fig. 8.
Change of partial pressure of hydrogen gas between solidified shell and chill plate with time as a function of hydrogen content in molten steel.
Fig. 9.
Relationship between maximum partial pressure of hydrogen gas generated from shell surface and hydrogen content in molten steel.
occur. To pass the mold flux into the gap, it is necessary that the maximum pressure of gas is less than 1.0ϫ10
Ϫ1
MPa. This pressure corresponds to 7.0ϫ10
Ϫ4 mass% of hydrogen content in molten steel.
Heat Transfer from Shell to Chill Plate with Gas
Gap When the gap exists between solidified shell and chill plate, the heat transfer from shell to chill plate changes with the thermal conductivity of gases in the gap. The thermal conductivity of gas depends on the type of gas. Figure 10 shows the relationship between thermal conductivity of gases and temperature. 21) The thermal conductivity of hydrogen gas is larger than that of other gases.
If the hydrogen gas exists in the gap between solidified shell and chill plate as schematically shown in Fig. 11 , the heat flux from solidified shell to chill plate increases and the temperature in chill plate increases rapidly. Therefore, it is possible to confirm the generation of hydrogen gas from shell surface by measuring the temperature change in chill plate.
To evaluate the effect of hydrogen gas on heat transfer from shell to chill plate, the analysis which coupled with heat conduction within chill plate and solidification of shell was done as a function of overall heat transfer coefficient between shell and chill plate. The overall heat transfer coefficient could be predicted by fitting the calculated temperature in chill plate with the measured temperature. Figure 12 shows the change of calculated temperature in chill plate with time as a function of overall heat transfer coefficient. The temperature in chill plate is higher when the overall heat transfer coefficient becomes higher. The relationship between the range of measured temperature in chill plate and time is also shown in Fig. 12 . When the hydrogen content in molten steel becomes higher, the overall heat transfer coefficient is larger.
However, the overall heat transfer coefficient changes with the thermal conductivity of gas in the gap between shell and chill plate, the width of gap and the surface temperature of both chill plate and shell. Assuming the width of gap is independent of hydrogen content in molten steel, the overall heat transfer coefficient changes with the thermal conductivity of gas in the gap as following equations. ), e shell is emissivity of solidified shell surface (ϭ0.55 (Ϫ)), 22) e mold is emissivity of mold surface (ϭ0.05(Ϫ)), 22) e total is overall emissivity (Ϫ) and F is geometrical factor (ϭ1.0(Ϫ)). The d is width of gap between shell and mold and is used by the measured value of 2.0ϫ10 Ϫ4 m which is an average roughness of shell surface. Moreover, the average temperature of gas in the gap was adopted by the average value of surface temperature between shell and chill plate. Figure 13 shows the predicted results of heat transfer parameter. Figure 13(a) shows the change of overall heat transfer coefficient between solidified shell and chill plate with hydrogen content in molten steel. The overall heat transfer coefficient increases with increasing hydrogen content. Figure 13(b) shows the relationship between thermal conductivity of gas in the gap and overall heat transfer coefficient. As the width of gap between solidified shell and chill plate deals with a constant value, the thermal conductivity increases with increasing the overall heat transfer coefficient. Figure 13(c) shows the relationship between ratio of hydrogen gas in the gap and hydrogen content in molten steel together with the measured ratio of hydrogen gas which generated from shell surface as described in Sec. 3.1. The ratio of hydrogen gas in the gap increases with increasing hydrogen content. As the calculated values are in agreement with the measured values, the calculated values seem to be valid.
When the hydrogen content in molten steel is high, the thermal conductivity of gas in the gap becomes larger and the overall heat transfer coefficient between shell and chill plate also becomes larger and the temperature of chill plate increases. From these results, it is shown qualitatively that the hydrogen gas can be generated from the surface of solidified shell and it is thought that the experimental result for collecting gas using the chill plate made of sintered stainless steel is valid. It has become possible that the sticker breakouts in continuous casting were reduced when the hydrogen content in molten steel was made smaller than the critical value which was determined by the experimental result in this study.
Conclusions
To clarify the generation of hydrogen gas from the surface of solidified shell at initial stage of solidification under high concentration of hydrogen in molten steel, the experiments of both collecting gas which generated from shell surface and measuring temperature in the chill plate have been done.
(1) The hydrogen gas generated from the surface of solidified shell. When the hydrogen content in molten steel is high, the volume of hydrogen gas generated from surface of shell became larger.
(2) Though the bubbles existed in solidified shell, the volume of these bubbles was negligible in comparison with the volume of gas which generated from shell surface. The generation of hydrogen gas at initial stage of solidification was determined by the generation from the surface of solidified shell.
(3) The predicted value of overall heat transfer coefficient between solidified shell and chill plate increased with increasing the hydrogen content in molten steel. It is thought that the hydrogen gas of which the thermal conductivity is large exists in the gap.
(4) When the hydrogen gas is generated from shell surface, it is seemed that the partial pressure of hydrogen gas increases in the gap between solidified shell and mold, and the flow of mold flux into gap is suppressed and the lubricity between shell and mold is made lower. It is thought that the generation of hydrogen gas from solidified shell surface is one of causes for the sticker breakouts in continuous casting.
